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Abstract 
 

The efficiency of modern computers in the solution of railway vehicle dynamics with 

multibody codes is currently leading the path towards the development of numerical 

tools for the evaluation of wear of the wheel profiles starting from the outputs of 

dynamic simulations. The latter are commonly launched in commercial software 

packages, which guarantee unbeaten reliability and stability of their numerical 

solvers, as well as simple user-friendly interfaces. Many commercial multibody codes 

are currently provided with add-ons for the evaluation of wear of wheel profiles, 

however the limited number of tuneable parameters can compromise the stability of 

the simulation. The present paper aims to benchmark the outputs of the SIMPACK 

Wheel Profile Wear module and to investigate the differences due to the application 

of the Archard’s law in local form, focusing on different strategies that can be adopted 

to calculate the slip speed on the contact patch with the FASTSIM algorithm. It is 

found that recent expressions suggested in the literature for the calculation of the 

equivalent flexibility should be preferred over the original equation when calculating 

the slip speed in each cell of the contact patch grid.  
 

Keywords: multibody simulation, railway vehicle dynamics, wear, SIMPACK, 

wheel-rail contact, co-simulation. 
 

1  Introduction 
 

Railway companies have shown a growing interest towards the numerical simulation 

of wear of the wheel profile shapes, which has thrusted the production of several 
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works on the topic in recent years [1-4]. In fact, the prediction of the evolution of wear 

of wheel profiles with numerical codes can support (i) the optimized scheduling of 

returning maintenance operations [5], (ii) the identification of optimized profile 

shapes, hence extending the operating life of wheels [6,7], and (iii) the assessment of 

the vehicle dynamic behaviour with worn profiles at the earliest stages of the vehicle 

design.  
 

The calculation of the worn profile shape mainly requires the simulation of the 

vehicle-track interaction, including the solution of the wheel-rail contact problem in 

each time step, and the definition of a suitable wear law to relate the amount of worn 

material to the main quantities related to the wheel-rail contact. The first task can be 

effectively solved through multibody (MB) simulations, while the second task can be 

implemented in the form of a wear model receiving as inputs the main results of the 

MB simulation. Nowadays, commercial MB software packages include built-in 

modules for the estimation of the worn material and worn profile shape, thus allowing 

the users to easily calculate wear from the results of the dynamic simulation. Although 

commercial MB codes are often the preferred solution to launch dynamic simulations, 

in view of their high reliability and of the numerical stability of their numerical 

integrators, their wear modules offer limited customization to the users. This can 

threaten the stability of the computation, especially in simulations requiring the 

subsequent replacement of the profiles with worn shapes to simulate the dependency 

of vehicle dynamics on wear [8]. Therefore, the development of external routines for 

the calculation of the worn material and the determination of the worn profile shape 

can be the key to gain control over the computation and improve the stability of the 

simulation. Such wear routines post-process the outputs of the dynamic simulation 

and can benefit from co-simulation techniques [9] to improve the computational 

efficiency of the whole simulation framework. 
 

The present paper aims to validate in-house wear routines against the outputs of 

the wear module of the SIMPACK commercial MB code (SIMPACK Wheel Profile 

Wear module), thus gaining further insights into the capabilities of the commercial 

wear module. More in detail, the paper aims to compare the differences between the 

global approach in the application of the wear laws, followed by the SIMPACK Wheel 

Profile Wear module, and a local strategy, investigating the effect of different 

modelling parameters in the solution of the wheel-rail contact problem with the 

FASTSIM algorithm.  
 

 

2  Methods 
 

To benchmark the outputs of the wear routines, the present paper establishes a 

numerical framework that relies on a dynamic simulation run with the SIMPACK MB 

code. The outputs of the simulation, mainly the results of the wheel-rail contact 

problem in each time step, are then processed with different wear routines to calculate 

the normal wear depth along the profile, which can then be used to determine the worn 

profile shape. The wear routines include the SIMPACK Wheel Profile Wear module 

and the external in-house MATLAB routines under validation.  
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 As the paper mainly aims to compare different wear routines, rather than accurately 

predict the wear on a specific line, the dynamic simulation considers a generic mission 

of a Aln663 passenger diesel railcar running on a reference track, which does not 

correspond to a specific line, but it is built to assess the performances of the wear 

routines in a scenario with high tortuosity, see Figure 1. In fact, the reference track is 

20 km long, and it includes 38 curves, i.e., 19 left-handed (RH) curves with radius in 

the range 200-2000 m, with step of 100 m, followed by the same curves in right-

handed (RH) direction, see Figure 1b)-c). The reference vehicle is chosen to be the 

Aln663 diesel railcar since this passenger vehicle proved to suffer from large wear 

when running on mountain tracks in Northern Italy. The curve superelevation and 

speed profile mission are selected to comply with the limits on the maximum vehicle 

speed (120 km/h) and unbalanced acceleration (0.6 m/s2) as prescribed the Italian 

Railway Administration (RFI). All bodies in the vehicle MB model are treated as 

rigid, and they include one coach, 2 bolsters, 2 FIAT bogie frames, 8 axle-boxes and 

4 wheelsets, see Figure 1a). The axle-box bodies only feature a rotational degree of 

freedom (DOF) with respect to the wheelset on which they are mounted, while for all 

other bodies, the SIMPACK “Generail Rail Track Joint” is applied, which prescribes 

6 DOFs defined with respect to the track direction. The track is modelled as rigid and 

without irregularities, to exclude the effect of stochastic parameters on the preliminary 

benchmarking of the wear functions. The wheel and rail profiles considered in the 

model are the S1002 wheel profile and the UIC60 rail profile. Further details on the 

model can be found in [9]. 
 

 

Figure 1: Reference MB model: a) vehicle, b) track layout and c) Track curvature 

and speed profile along track. 
 

The wheel-rail contact is solved in SIMPACK using the equivalent elastic method, 

which is based on a virtual penetration method to identify a non-Hertzian contact 

patch, which is then turned into an equivalent ellipse. The tangential problem is 

subsequently solved using the default FASTSIM [10] routine available in SIMPACK. 

Although SIMPACK also includes a discrete elastic method, which keeps the non-
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elliptic patch for the calculation of the tangential forces, the equivalent elastic method 

is selected since it ensures a faster computation and since the goal of the paper is to 

simply compare the outputs of different routines from the same inputs.  
 

 The results of the MB simulations are post-processed with dedicated routines to 

evaluate the amount of worn material at the end of the mission simulated in 

SIMPACK. The wear routines include (i) the SIMPACK Wheel Profile Wear add-on, 

(ii) a MATLAB routine trying to mimic the outputs of the SIMPACK wear module 

and (iii) a MATLAB routine based on a local application of the wear laws. The 

SIMPACK Wheel Profile Wear module calculates wear using a global approach, i.e., 

the total amount of worn volume is evaluated from the global forces and creepages at 

the contact patch, thus not requiring the discretization of the contact patch into 

adhesion and slip areas for the sake of wear evaluation. SIMPACK offers two laws, 

namely the Archard’s wear law and the Krause-Poll law. In the present paper, only 

the Archard’s law is considered because it is more solid in the literature. According 

to Archard’s law, the wear volume on the wheel ΔVw is evaluated as stated by 

Equation (1): 
 

∆𝑉𝑤 =
𝑘𝐴𝑟𝑐ℎ(𝑣𝑠, 𝑝𝑧)

2
∙

𝑁𝑑𝑠

𝐻
(1) 

where N is the normal load, ds is the sliding distance, H is the hardness of the softer 

material and kArch is the wear coefficient, which is typically evaluated from 

experimental maps as a function of sliding speed vs and average normal contact 

pressure pz. In this paper, the experimental map suggested by Swedish researchers 

from Royal Institute of Technology (KTH) is adopted [11], which considers four wear 

regions. An average value of wear coefficient for each wear zone is defined in this 

work, as SIMPACK only allows to specify a single wear coefficient in each zone, and 

it cannot deal with a full map. Table 1 defines the wear coefficients and the boundaries 

of each zone considered for this work. It is interesting to highlight that the wear 

coefficients defined in SIMPACK should be doubled with respect to the values 

suggested by KTH researchers, as SIMPACK automatically calculates the total worn 

volume and then spreads 50% to the wheel and 50% to the rail. 
 

Wear zone Wear coefficient Zone boundaries 

Mild 1 1.43e-4 pz < 0.8H & vs < 0.2 m/s 

Severe 1.00e-3 pz < 0.8H & 0.2 < vs < 0.7 m/s 

Mild 2 1.43e-4 pz < 0.8H & vs > 0.7 m/s 

Seizure 1.00e-2 pz > 0.8H 

Table 1: MBS model eigenvalues. 
 

 Equation (1) only calculates the total amount of wear volume on the contact patch, 

but the corresponding distribution of normal wear depth should be calculated to obtain 

the worn profile. As no information is provided by SIMPACK documentation about 

the algorithm used to spread the total worn volume, a MATLAB routine was 

developed in past works [12] to reproduce the calculation made by SIMPACK. The 
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MATLAB global routine assumes the distribution of normal wear depth to be 

proportional to the Hertzian contact pressure on the equivalent ellipse, so it is a semi-

elliptic distribution as stated by Equation (2): 
 

∆𝑧𝑛(𝑦) =
2

𝜋𝑏
∙

∆𝑉𝑤

2𝜋𝑅𝑐𝑝 cos 𝛿
√1 − (

𝑦
𝑏⁄ )

2
(2) 

where y is the lateral coordinate on the contact patch, b is the lateral semi-axis of the 

equivalent contact ellipse, Rcp is the contact radius and δ is the contact angle calculated 

from the profile tangent.  
 

 The main drawback of the calculation of wear with a global approach is that the 

resultant wear depth distribution must be assumed a priori, thus not accounting for the 

real distinction between adhesion and slip areas. Moreover, when wear is spread 

proportionally to the contact pressure, the maximum wear peak coincides with the 

point featuring the maximum pressure, whereby the adhesion limit may not be 

overcome. Therefore, a more accurate calculation of wear can be obtained if the wear 

depth is calculated in each element of the contact patch grid with the application of 

Archard’s law in local form, see Equation (3): 
 

∆𝑧𝑛(𝑥, 𝑦) =
𝑘𝐴𝑟𝑐ℎ(𝑤(𝑥, 𝑦), 𝑝𝑧(𝑥, 𝑦))

2
∙

𝑝𝑧(𝑥, 𝑦)𝑢(𝑥, 𝑦)

𝐻
(3) 

where the contact pressure pz, slip speed w and sliding distance u are calculated in 

each element of the contact patch grid located at the coordinates (x,y) in rolling and 

lateral directions, respectively. To finally obtain the normal wear depth distribution 

along the lateral coordinate, the wear depth distribution calculated with Equation (3) 

must be summed along each longitudinal strip and then spread along the 

circumferential direction, see Equation (4): 
 

∆𝑧𝑛(𝑦) =
1

2𝜋𝑅𝑐𝑝
∫ ∆𝑧𝑛(𝑥, 𝑦)

𝑎√1−(𝑦
𝑏⁄ )

2

−𝑎√1−(
𝑦

𝑏⁄ )
2

𝑑𝑥 (4) 

where a is the longitudinal semi-axis of the contact ellipse. It is evident that the greater 

accuracy of the local method involves a reduction of the computational times of the 

wear module, since the local distribution of slip speed is needed to compute the wear 

depth. In this paper, the MATLAB local wear model includes a routine implementing 

the original FASTSIM algorithm to evaluate the distribution of tangential pressure 

and slip speed over the contact patch. The in-house FASTSIM algorithm is validated 

against the outputs predicted by the function available in SIMPACK. 
 

 It is well known that the FASTSIM algorithm can efficiently solve the tangential 

contact problem under the hypothesis that the elastic displacement is proportional to 

the tangential contact pressure through a flexibility parameter. In the original 

FASTSIM paper [10], Kalker suggested to transform the contact area into the circle 

with unitary radius, thus accordingly converting the values of creepages, sliding 

distance and sliding speed into non-dimensional quantities based on the values of 

three different flexibility parameters, calculated from the linear theory. Therefore, the 

equivalent creepages on the unitary radius circles should be calculated as: 
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𝑛𝑥 =
𝑎𝜉

𝜇𝑝𝑧,0𝐿1
;  𝑛𝑦 =

𝑎𝜂

𝜇𝑝𝑧,0𝐿2
;  𝑓𝑥 =

𝑎𝑏𝜑

𝜇𝑝𝑧,0𝐿3
 ; 𝑓𝑦 =

𝑎2𝜑

𝜇𝑝𝑧,0𝐿3
  (5) 

where nx, ny, fx and fy are the equivalent creepages, ξ, η, φ are the original creepages 

in longitudinal, lateral and spin direction, μ is the friction coefficient, pz,0 is the 

maximum normal contact pressure and finally coefficients Li with i = 1-3 are the 

flexibility parameters. Consequently, the scaled sliding speed vector could be 

calculated as: 
 

𝒘′ = {
𝑤𝑥

′

𝑤𝑦
′
} = {

𝑛𝑥 − 𝑦′𝑓𝑥 −
𝜕𝑝𝑥

′

𝜕𝑥′

𝑛𝑥 + 𝑥′𝑓𝑦 −
𝜕𝑝𝑦

′

𝜕𝑥′

}  (6) 

where quantities with apex refer to scaled quantities, and px and py refer to the 

tangential contact pressure in longitudinal and lateral directions. Kalker then defined 

a scaling factor for the magnitude of the slip speed, based on an equivalent flexibility 

parameter, as stated by Equation (7): 
 

𝑤′ = ‖𝒘′‖ =
𝑎𝑤

𝜇𝑝𝑧,0𝐿𝑒𝑞𝑣𝑟𝑒𝑓
 (7) 

where vref is the reference rolling speed and Leq is the equivalent flexibility. For the 

latter, the original expression provided by Kalker is stated by equation (8). 
 

𝐿𝑜𝑟𝑔 =
|𝜉|𝐿1 + |𝜂|𝐿2 + √𝑎𝑏|𝜑|𝐿3

√𝜉2 + 𝜂2 + 𝑎𝑏𝜑2
 (8) 

Nonetheless, Vollebregt and Voltr [13] recently pointed out that the original 

expression of the equivalent flexibility is not suitable for mixed creepage conditions, 

and they proposed additional expressions, i.e., the linear weight expression in equation 

(9) and the squared weight expression in equation (10). 

𝐿𝑙𝑖𝑛 =
|𝜉|𝐿1 + |𝜂|𝐿2 + √𝑎𝑏|𝜑|𝐿3

|𝜉| + |𝜂| + √𝑎𝑏|𝜑|
 (9) 

𝐿𝑠𝑞𝑟 =
𝜉2𝐿1 + 𝜂2𝐿2 + 𝑎𝑏𝜑2𝐿3

𝜉2 + 𝜂2 + 𝑎𝑏𝜑2
 (10) 

 

The MATLAB routines based on the local application of the Archard’s law are 

tuned considering either three separate flexibilities to calculate the magnitude of the 

sliding speed or a single equivalent flexibility. With three flexibilities, the 

dimensional components wx and wy are calculated using independent scaling factors 

for nx’, ny’, x’, y’, fx’ and fy’, see Equation (5). On the other hand, when a single 

equivalent flexibility parameter is adopted, the magnitude of the dimensional sliding 

speed is calculated with Equation (7), starting from the magnitude of the non-

dimensional sliding speed w’. For this latter case, the expressions for the calculation 

of the equivalent flexibility provided by Kalker, see Equation (8), as well as those 

suggested by Vollebregt and Voltr, are all tested and compared with the outputs 

provided by SIMPACK. Regardless of the expressions used to evaluate the slip 

speed magnitude, the sliding distance is calculated according to Equation (11): 
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𝑢(𝑥, 𝑦) =
𝑤(𝑥, 𝑦)

𝑣𝑟𝑒𝑓
 ∙ ∆𝑥 (7) 

where Δx is the size of the contact patch element in rolling direction. 

 
 

 

3  Results 
 

The developed wear routines are compared in terms of the distribution of the normal 

wear depth along the lateral coordinate of the wheel profile at the end of the reference 

mission simulated with the SIMPACK commercial MB code. Wear is calculated on 

both wheels of the leading wheelset, however, due to the symmetric track and vehicle 

models, the results for left and right wheels are overlapping each other. Therefore, 

results are presented here for the left wheel only, but the same considerations can be 

easily extended to the right wheel.  
 

 

 Figure 2 shows the results obtained with the different wear routines tested in this 

work, i.e., the SIMPACK Wheel Profile Wear module, the MATLAB routine aiming 

to replicate the results obtained by SIMPACK and the MATLAB local routine that 

uses three separate flexibilities for the calculation of the slip speed. Figure 2 shows 

that the largest wear is obtained on the flange, as the contact conditions on the flange 

when negotiating a curve are more severe. It can be confirmed that the MATLAB 

global routine calculates output that overlap the results provided by the SIMPACK 

Wheel Profile Wear module, and this proves that spreading the wear volume 

according to the Hertzian contact pressure is the path followed by the SIMPACK 

algorithm.  
 

 

 A comparison between the local and global approach suggests that the two 

methods provide similar results, but the local approach calculates slightly higher 

peaks on the flange. In contrast, the results of the local method seem slightly shifted 

with respect to the outputs provided by SIMPACK on the tread. The explanation to 

this behaviour is that the local method can predict a separate wear zone in each 

element of the grid, while the global method can only assign a single wear regime to 

the whole patch. Therefore, when the contact is on the flange and the slip area is 

extended to the whole patch, some elements can fall into the severe regime, thus 

leading to an overall higher wear in this part of the profile. Conversely, when the 

contact point is on the tread, a large portion of the contact patch is in adhesion 

condition, hence not contributing to wear. Consequently, the wear depth predicted 

by the local method is lower and the location of material removal is different when 

compared to the global algorithm. Furthermore, the global approach can produce 

local peaks that may threaten the stability of the simulation when cascades of wear 

simulations are launched. These peaks are obtained when the number of contact 

points abruptly changes during the simulation, so that the contact patch area is small, 

and the pressure jumps to values corresponding to the seizure regime. The local 

approach does not foresee such peaks, as when the contact pressure is high, the 

adhesion limit is not overcome, and no material removal is predicted. A detailed 
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data analysis showed that the numerical peaks provided by the global method can be 

removed with slight changes to the wear algorithm and with a modification of the 

damping term in the calculation of the normal force performed by SIMPACK during 

the dynamic simulation. 

 

 

 

 

Figure 2: Comparison of local and global routines with zooms on flange and tread. 
 

 

 
 

Concerning the results of the local routine, additional simulations are run to 

investigate the effect of the different strategies used to compute the magnitude of the 

slip speed. The results are given in Figure 3, which shows that the wear depth 

calculated with the original expression by Kalker for the equivalent flexibility 

deviates from the outputs of all other routines. This is because when using Equation 

(8) for the evaluation of the equivalent flexibility, the sliding speed magnitude 

calculated with Equation (7) increases at large spin values, thus predicting severe 

wear, whereby the Archard’s coefficient is about 7 times higher with respect to the 

mild regime according to Table 1. Conversely, the results obtained with the 

expressions suggested by Vollebregt and Voltr agree well with each other and with 

the wear depth distribution obtained using three separate flexibilities to evaluate the 

slip speed magnitude.  



9 

 

 

Figure 3: Effect of the different strategies to compute the slip speed magnitude. 
 

 

 

Therefore, the calculations performed in the frame of this work suggest that the 

original expression provided by Kalker should be avoided, otherwise wear could be 

overestimated on both flange and wheel. This is in line with the outcomes of an 

activity carried out by Liu and Bruni [14], who proved that using three separate 

flexibilities is the best choice and leads to the best agreement with CONTACT in 

terms of sliding speed distribution on the contact patch. Nonetheless, the work by 

Liu and Bruni is predated with respect to the paper by Vollebregt and Voltr, so they 

could not test the new expressions. This work proves that the new expressions 

provide results that are in excellent agreement with the outputs obtained with 

separate flexibility in terms of wear. 
 

 Finally, in terms of computational times, the local wear algorithm is 

approximately 5 times slower with respect to the global approach, as the local 

method requires the discretization of the contact patch into adhesion and slip areas 

and the calculation of the tangential stresses and slip speed over the whole patch.  
 

 

4  Conclusions and Contributions 
 

The work shown in the present paper allows to benchmark the SIMPACK Wheel 

Profile Wear module and to tune in-house wear routines based on the local application  

of Archard’s law, highlighting the differences with respect to global methods. 
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 A first finding of this paper is that when using a single equivalent flexibility for 

the computation of the slip speed, the new expression introduced by Vollebregt and 

Voltr should be used, as the original equation can predict higher wear peaks, 

especially in mixed creepage conditions. 
 

 The local method predicts slightly larger wear peaks on the flange and lower 

wear on the tread, because it assigns a different wear zone to each element on the 

contact patch grid, while the global method can only identify a single wear regime 

for the whole patch. 
 

 The local wear method is not affected by peaks in the wear distribution produced 

when the number of contact patches changes during the simulation, because the local 

method identifies adhesion whereby the contact pressure is high. 
 

 Despite small deviations, the results obtained with the local and global methods 

are in good agreement with each other. The local method should be preferred when 

the simulation is intended to accurately predict the shape of the worn profile. 

However, it should be clarified whether the differences between the two methods are 

greater than the uncertainties in the calculation, such as those related to the wear 

coefficients, model parameters and algorithm for the solution of the wheel-rail 

contact problem. 
 

 The validated MATLAB routines for wear calculation can be adopted in future 

activities to gain control on the computation and to improve the stability of wear 

tools, still relying on the excellent reliability of commercial tools for the dynamic 

simulation.  
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